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ABSTRACT

Use of Very Low Frequency and Low Frequency (VLF/LF, 3-300 kulobertz) electromagnenc signals for loog range
underwater communications predates World War II. VLF/LF communicauons is unique tn that transnutted signals
are mansmitted over extremely loag ranges and transmitting antennas are very large. Laod-based antennus are
typically desigued to be suppocted by towers over 180 meters 1all or to span mountain valleys. Airborne antennas
typicaily measure seven kilometers long. Iloput powers of up to two megawatts provide detectable signals for
megameters.

The development of this communications system has created and exploited numerous techmical advances.
Propagation research, material technology, numerical analysts and scale modeling, communications performance
evaluation, and modulation advaaces will be discussed in the context of an overview of this worldwide
commuaications system.

LOW FREQUENCY PERSPECTIVE

VLF/LF communications occupies the 3-300 kilobertz band. Below are the power and telephone frequencies; and
above are the commercial AM/FM and TV bands, and microwaves. Broadcast communications at and above the
microwave frequencies are not efficient because the signal attenuates rapidly unless guided (as by fiber optics) or
focused into a tight beam (3s by lasers or dish antennas).

OPPORTUNITY AND CHALLENGE OF LOW FREQUENCY

The opportunity of low frequency is the ability to transmit a signal a long distance and below the surface. Fora
plane wave in a conducting media, such as air, signal strength attepuates exponentially with frequency: the lower
the frequency the longer the commuaications ranges. The larger VLF systems are designed to comumunicate in the
order of 10 megameters. VLF/LF also propagates weil through sea water,

VLF and LF have applications beyond communications. VLF has been used for long range dissemination of
precise standards of frequency and time for many years. Since 1960, the National Bureau of Standards has been
traasmitting standard time and frequency information at 20 kilohertz from their site in Colorado. The signal has
been received as far away as New Zealand. VLF and LF are used for local and global navigation. The Omega
pavigation system in one example of an international navigation system. The low frequency capability to
propagate into the earth has been used through the years to prospect for oil and to map subterranean features.
Naturally occurring low frequency signatures have proven to be precursars of earthquakes.

There is great opportunity in the long range and subsurface propagation attributes of VLF and LF, and engioeers
have been exploiting this opportunity for nearly a ceatury. They have also been dealing with the challenges of
VLF and LF communications - low data rate, high power, and large transmitting antennas.
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Data 312 1 proporuonal to frequency the fower the rrequency the tower the a2 in additton, jand-hased
antennas rurther restmct Jdata rate because of their narrow bandwidth Because of the stmct data rare himitanons
VLF and LF are not susted to vorce or video data mansmussion Not only s he data rafe iow. but VLF ind LF
communicanons require very high power 0 provide long range coverage from relatively mnetficient antennss
Required powers are in the range of tens of kilowans © megawatts a1 <3ch Tansmigier site A few bty o1
information transmirted at VLF and LF wall ravel tar, but wis an expeasive means of aavel

VLF antennas are physically large wath those tor LF being somewhat smaller However, because of the iony
wavelengths (up to 30 kulometers) n this tfrequency range. even the lareest VLF and LF rowers are elecmcaily
small. In general. both VLF and LF antennas have 3 verucal radiaung section wath op loading raduals which add
capacitance to make the antenna appear longer elecmically  To reach efficiencies above 30%, towers can range
from 150-300 meters with top hats areas grearter than a square kilometer. 1n addition. an extensive ground plane ot
very low loss wares is needed to reduce losses trom current tlowwng through the ground surface.  These lurge
structures and their associated transmurters and power amplifiers require large land area and mullions of dollars w
build. maintawn, and operate.

Because of the challenge of low data rate, bigh power and large expeasive anteanas the "cost per bit” for VLF and
LF communicatioss is high. But even at this high cost, the opportunity inherent 1n long range and subsurface
propagation at VLF and LF has kept engineers busy smiving to overcome these challenges every since the days of
Marconi.

HISTORY OF LOW FREQUENCY COMMUNICATIONS

Early wransmissions used spark gap transmitters, which were modifications of the coafiguration used by Hewnch
Hertz to detect electromagnetic waves. The first to realize that Hertz’ electromagnetic waves could be used for
signalling was Guglielmo Marconi. a young Italian electnicity buff. He used tal and ervor to develop tus 1dea, and
on 2 June 1896, received English Patent #12039 - the first for wireless commumcation equpment. Marcon:
established the Marconi Company to make commercial use of his invention. The first international wireless station
sent messages berween England and France in 1899. In {901, Marconi equipment seat the first trans-Atlannc
signals from Poldhu in Comwall, England. to an antenna held aloft by kites and balloons in Newfoundland. Canada.
The frequency of first radio transmissions across the Atlantic are unknown because the cymometer, which measures
frequency, was not invented until 1904,

Once Marconi demonswated the feasibility of his invention, other commercial compantes built on his work. In
1901, there was both unintentional and intentional interference between radio stations in New York harbor. This
was when the Marcont Company, the Amencan Wireless Teiephone and Telegraph Company, and the De Forest
Company all tried to report the International Yacht Races at the same time. That was probably the first marked
case of radio interference and the first radio jamumung fight in this country.

The early imperus for long range "wireless” communications came from the peeds of the vanous colonial empires
desires for transoceanic communications services and the command and control needs of the various navies. For
many years, wireless communications meant low frequency. The first commercial Atlantc service (begun in 1507
between Glace Bay, Newfoundland. Canada and Clifden, Ireland) was at 82 kilohertz, 1a the low frequency band.

Between 1910 and 1912, a number of commercial operations used frequencies of 12-13 kilohertz for loog range
comununications.

Betweea World War | and World War II, VLF and LF transmissions fell into commercial disuse as improvements
in high frequeacy techniques made HF communications commercially feasible. However, VLF and LF networks

coatinued to be used by those whose need for highly reliable long range communications could be balanced by
their greater cost.

In 1941, the Goliath station at Kalbe, Germany began transmitting 1000 kilowatts at 16 S kilohertz. The station
was well named, with eighteen masts ranging from 175-200 meters tall. The top hat was 1.25 square kilometers.
which is more than 280 football fields. Despite having a ground system of galvanized iron rather than copper. the
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final antenna had an erficiency of aearly JU%o 20 s lowest operannyg freguendy  Thiy offidiends o5 twice what had
previously been accomphished  Arter World War L the Russuans moved the Goliait 22000 0 Gurke, Rusiis
Subsequently. more large VLF statons and sniennas were butdt o provide worldwide coversye 1 the malitan
message watfic required dunng and atter WWIL They used targer fop hais and more powertut imnsnuiters When
the U S Naval Radio Transmutung Facthry at Cutler, Mane, was builtn 1901 the wienal couid |

around the worid ”

hterails be “heard

Arrborne VLF and LF rransmuissions began i the early 1960's. The antenna waied by an airptane flying at five
kulometers can be more than seven kulometers loag. Long antennas are more ¢tficient than shorter opes and, for air
10 swrtace communication, are most effective whea onented verucally. To optimize this verucality, the anfenna is
formed 1010 a corkscrew shape betund and below the airplane. The night spiral rum the arplane must maintan w
meet that critena is physically demanding oa awrplane and crew alike

Although new VLF/LF mansmutning sues are being butlt, many of the early sites are stl} operating due to the heavy
investments made 1a them. For example, the VLF transmutting site at Annapohis, Md was constructed wn 1918 and
was modified in 1922 and 1941 These sites and the VLF/LF communications system have withsiood the many
modificauons dictated by advancing technology and changing communicauons requurements. This 1$ 3 teshmony
to the opportunities of LF communications.

TECHNOLOGY ADVANCES TO MEET THE CHALLENGES OF LOW FREQUENCY

The need to employ the unique benefits of low frequency comumunications has provided the impetus 10 exploit and
create technology advances to overcome its challenges.

Propagation Researcii:  VLF/LF sigoal smength does oot decrease monotorcally wath distance from the
transmitter, but shows altemating maxima and minima as distance increases. The location of the maxima and
minima is a function of time, location, and frequency. For any given transmussion path. the signal strength changes
with the state of the ionosphere, which tn turn is a function of time of day, season of the year, and even the sunsput
cycle.

Radiated signals are measwred to validate performance and to validate propagaton prediction prograas. Twely
years ago engineers slaved over paper tape print outs to glean a few precious signal data pownts. Today, VLE/LF
receivers are gathering data worldwide and providing an avalanche of data on computer disk. Now the challenge i1s
10 quickly cull the questionable data and to develop automatic processiag routines for the remamnder.

The predomunant atmospheric noise at VLF/LF is generated by lighming storms. This noise propagates and s
affected by the ionosphere in the same manner as the VLF/LF signal. Noise measurements are being performed
worldwide to improve existing poise models. Research is ongoing in location and frequency of lighting strikes and
on deailed charactenstics of lightning.

Macerial Technology: When the power into a typical VLF/LF antenna is wncreased. the voltage limit of ope of the
antenna components will eveptually be exceeded. At this point the component il go into corona. This 15 a flow
of current between the component and ground which wastes energy and 1s potentiaily harmfuj to the antenna

component. Advances in material technoiogy have significantly 1ncreased the power handling capability of the
fransmitting antennas.

Currently base insulators and bushings utilize conventional porcelain. The practice of using porcefain insulators
developed for the power industry bas led to designs which are not optinuzed for LF comynuaications and which
require a long lead time for fabrication. To cope with these shortcomings, the Naval Civil Engineering Laboratory
in Port Hueneme, California has developed a new composite material called Polymer Coacrete. The advantages
are: fabrication at the construction site; flexible size and shape; curing time of less than a day; and repairable on
site. Weathenng tests and investigations into protective coatings are ongoing
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Another matertal bewng 3proed o LE apphicavons s Metalass, an amorphous sebid  that hus luw foss properties
which are deal for transtormer applications  Unnl recently, the chotce of 1ov 10ss core matenais was hmmted o
fermie; now Metglass s avallable with equally fow core loss at frequeacies telow 200 kilohenz The maximum
tlux density tor fernite 15 3000 gauss. and for Mertglass s 13000 gauss. Since the reactive voit-amperes ranng ot 3
component 1s directly related to the square of the tlux density, it tollows that for 3 given volt-umpere raung the
metglass manstormer 1s only one twenty-firth the size of the fermte gansformer for equal raungs

Antenna Numerical Analysis and Scole Modeling: The large size of VLF and LF antennas makes design by mal
and error prohubiuvely expensive; the complexity of the elecromagnenc equauons makes analyncal approaches
prolubitively ume consuming.  Two methods which have been developed to aid VLF'LF antenna engineers are
numencal elecromagneuc computer codes and physical brass scale models.

Most of the numencal codes developed to model antennas were ongunally designed for higher frequency
applicauons. Applying these codes at VLF creates problems. For example. values ihat are very small but
signuficant at VLF are treated as acceptable error by an HF code. New techniques are being developed for VLF
applications. Currently, some of the simpler LF anteanas can be modeled using PC's. Ongoing investigations into
the use of new techniques promise greater accuracy and increased modeling speed

Brass scale models of VLF and LF anteanas have advanced techniques developed onginaily for HF shipboard
antenna design. During the past 5 years ,VLF antennas have been modeled at scales as small as 1800:1. The wires
vsed in these models are less than the diameter of a2 human hair. These models have proven amazingly accurate.
and in addition to their usefulness as an electrical model, tkey also provide visual reference for mechanicai
engineers and maintenance personnel.

Communications Performance Evaluation: As the VLF/LF communications systems grew more imporant and
more exteasive, it became necessary to develop system evaluation and devetlopment tools. Three of these tools are

the Pseudo Atmospheric Noise Generator (PANG), the Real Time Channel Simulator (RTCS) and the Coverage
Prediction Workstation (CPWS).

PANG is a simulated atmospheric noise source. [t has become an international standard for evaluating the
performance of VLF/LF receivers. PANG generates a signal which emulates the signal spikes of nearby lighting
strikes and the background Gaussian noise of distant storms. Early versions used actual recording of atmospbenc
noise which were of limited length; now the noise is being simulated by computer control which 1s more flexible.
Simulation of real noise dynamic ranges of up to 90 dB continues to be a challenge.

The RTCS simulates the overall signal environmeat. [t takes a signal transmirted by a laboratory receiver,
attenuaces and distorts it to match a desired propagation scenario, adds atmospheric noise (PANG) or other noise
sources, and presents a “real” signal to the laboratory receiver. Since the upgrade from mechanical switches to
computer control, the RTCS can simulate any environmental effect that can be descnbed.

The CPWS predicts propagated signal strength versus distance. Signal levels are calculated as modal solutions to
the earth ionosphere waveguide. The waveguide calculations must consider variation of ionosphere profile,
orientation of the geomagnetic field and ground conductivity. Atmospheric noise models are also included o the
program. Simulations which took a week to develop in the laboratory five years ago will soon be produced on a
PC overnight. Communicators will use these expert systems as a tool to support daily broadcast management.

Modulation Techniques: Early signalling used International Morse Code. Dots and dashes were periods of
constant amplitude delineated by periods of no signal. A transmission rate of 10-20 words per rmunute required
14-28 keying cycles per second. This simple binary system was replaced by other forms of modulation.

Modem methods of transmitting binary information are Frequency Shift Keying (FSK), and Phase Shift Keying
(PSK). FSK uses two different frequencies of the carrier to send binary signals. One frequency represents the
binary "1” and the other trequency represents the binary " 0". PSK uses the two opposite phases of a basic sinusoid
{the carmer) to indicate the two possible states. PSK is more efficient than FSK. but cannot be used for VLF/LF
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because the nstananeous phase shifts create high voltage transients that would Jesitoy mransmetter gutput Sircwts
Minimum Stunr Keying (MSK) 15 the current modulaton scheme of chowce. In MSK the frequency stays constant
when the bits are coastang (all Us or 9's), the tfrequency shifts when the next bit s differeat 1 chanyes w0 2 or
changesto 1)

Although VLF/LF communications are basically rehiable, signals do anenuate and suffer phase stut Thus, error
protection 1s often used to ensure that the signal recerved 1s that whuch was ransmutted. Redundant diguts are added
to the transmurted message according to a specific algonithm. At the receive end, the redundant digits are smipped
and recalculated using the same aigonthm on the received message. [f both are the same, the message 15 considered
ervor free, Cenaun algonthms provide both error detection and error correction capability

Data compression techniques have been studied to improve the effecuve daw rate of VLF and LF aansmussions
One method is to encode the data such that a certain transmitted group of characters 1s decoded to a larger phrase
ar senteace. This works well if transrussions are limuted to specific topics or statements; but it is pot effecuve for
general transmissions A more general compression technique ts to code the alphabet so that the most frequenty
used letters require the fewest bits.

Paradoxically, the low data rate feature of LF communications encourages state of the art modaelaton and error
correction techniques. The high ratio of computer speed to data rate allows powerful processors to effecuvely
perform advanced and complex signal processing techniques in real time. Techniques developed at LF can be
ransferred to higher frequencies as computers increase 1o speed.

LA e s < EEL

CONCLUSION

The propagation characteristics of LF and VLF provide the oppertumity of worldwide and subsurface broadcast.
The challenges of VLF and LF communications are high power, large transmitting antennas and low data rate. The
need to employ the unique benefits of low frequency communications bas provided the unperus to exploit and
create technology advances to overcome these challenges.
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